The observed hemispherical asymmetry in cosmic microwave background radiation can be explained by long mode modulation. In this work we study the prospect of the detection of this effect in 21cm brightness temperature fluctuations angular power spectrum. For this task, we study the effect of the neutral Hydrogen distribution on the angular power spectrum. This is done by formulating the bias parameter of ionized fraction to the underlying matter distribution. We also discuss the possibility that the long mode modulation is companied with a primordial non-Gaussianity of local type. In this case we obtain the angular power spectrum with two effects of primordial non-Gaussianity and long mode modulation. Finally, we show that the primordial non-Gaussianity enhances the long mode modulated power of 21cm via the non-Gaussian scale dependent bias up to four order of magnitude. Accordingly the future observations of 21cm cosmology such as square kilometer array are capable of detection of large scale anomalies in initial condition of early Universe.
INTRODUCTION
The standard model of cosmology is in good agreement with the observation of the cosmic microwave background radiation (CMB) Ade et al.[Planck Collaboration] (2015) and the results of the surveys of large scale structure (LSS) Tegmark (2004) ; Eisenstein (2005) ; Tegmark (2006) . On the other hand, the precise data of the CMB from Planck collaboration shows that the initial conditions of the Universe is very simple: nearly Gaussian, isotropic, adiabatic and nearly scale invariant Ade et al.[Planck Collaboration] (2014) , which put serious constraint on the early universe models including inflationary scenario Ade et al.[Planck Collaboration] (2016b) . However the unknown physics of the dark energy, dark matter and Early Universe (EU) make the above statement somehow a hazy one. Also there exist further evidences from CMB sky indicating anomalies such as the cold spot, quadrupole-octupole alignment, power deficit in low multipole and hemispherical asymmetryAde et al. [Planck Collaboration] (2016a) . These anomalies could be due to the statistical uncertainties or they can open up a new horizon in the study of the EU beyond the standard picture of ΛCDM cosmology. In the case of these anomalies pointing toward a new physics, we can ⋆ E-mail: baghram@sharif.edu also use the LSS data in the late time Universe to probe the fingerprint of these deviations Abolhasani et al. (2014) ; Baghram et al. (2014) ; Namjoo et al. (2015) . However, the LSS data suffers from complex non-linearities, biased observations of baryons, and redshift space distortion effects, which must be controlled. This means that if we find specific fingerprints of the EU physics in LSS observables in this course, we will be able to probe any deviations from the standard picture in sub-CMB scale physics. In this direction, the galaxies are the first targets of LSS observables to probe EU effects Zhai and Blanton (2017) . Another promising area of research is the future 21cm observations which will map the neutral Hydrogen distribution in the universe and also can be used to find the statistics of the distribution of the matter Loeb and Zaldarriaga (2004) . Here, we focus on the distribution of neutral Hydrogen in the epoch of reionization (EoR) to probe the probable asymmetry of CMB sky. The idea is that the neutral Hydrogen can be used as a fair sample of matter distribution in large scales Barkana and Loeb (2011) . One of the interesting anomalies which is the subject of this work to investigate is the CMB hemispherical asymmetry. This asymmetry was first seen in WMAP data Eriksen et al. (2007) ; Hansen et al. (2009) ; Hoftuft et al. (2009) and it seems that there are indications in Planck analysis as well Akrami et al. (2014) ; Ade et al.[Planck Collaboration] (2016a) . In the theoretical side, there are different proposals to describe these asymmetry as long mode modulation Erickcek et al. (2008) , domain walls inspired models Jazayeri et al. (2014) , and etc. In the present study we have concentrated on the long mode modulation. In the case that this asymmetry is due to a new physics, it should affect the late time observables. We assert that the 21cm cosmology gives the chance to probe the distribution of the matter in high redshifts where the matter distribution and evolution can be studied in linear regime. The only issue that we should study with much care is the bias between distribution of neutral Hydrogen and the underlying dark matter. In this direction there are studies that shows the hemispherical symmetry due to long mode modulations is correlated to the local-type non Gaussianity. In other words, long mode modulation and non-Gaussianity appear simultaneously Namjoo et al. (2013 Namjoo et al. ( , 2014 . Accordingly, we study the effect of the long mode modulation on the angular power spectrum of 21cm brightness temperature with/without non-Gaussian effect on the bias. Then we assert that large scale surveys of 21cm can probe the fingerprint of this long mode on the power spectrum of neutral Hydrogen when local type non-Gaussianity is present. It is worth to mention that the angular power spectrum of 21cm is proposed as a probe of primordial spectral running as well Sekiguchi et al. (2018) . Also we should note that Shiraishi et al. (2016) propose to use "off-diagonal components of the angular power spectrum of the 21cm fluctuations during the dark ages to test this power asymmetry". However in this work we study the angular power spectrum and its correction due to long mode modulation and PNG. The structure of this work is: In Sec.(2.1), we briefly introduce the long mode modulation. In Sec. (2.2) we study the 21cm power spectrum and scale independent bias. In Sec.(3), we see the effect of the long mode on the angular power spectrum of 21cm. In Sec.(4), the effect of non Gaussianity is studied and Finally in Sec.(5) we conclude. In App.(A) we study the better approximation for bias parameter and its scale dependent case. In this work we set Ω m = 0.32, Ω Λ = 0.68, H 0 = 67km s −1 M pc −1 and amplitude of primordial curvature perturbation A s = 2.1 × 10 −9 with curvature perturbation dimensionless power spectrum in the form of
Aghanim et al.[Planck Collaboration] (2018).

THEORETICAL BACKGROUND
In this section we set the scene and review the theoretical background. The first subsection is devoted to the long mode modulation, in which we mainly follow the proposal of Zibin and Contreras (2015) . In the second subsection we go through the 21cm brightness temperature fluctuations and we introduce the power spectrum via the bias parameter.
Long mode modulation
As mentioned in the introduction, the recent observations of Planck on the hemispherical asymmetry of the CMB, which was first detected by WMAP Eriksen et al. (2007) ; Hoftuft et al. (2009); Hansen et al. (2009) , may point toward an anomalous primordial universe. Long mode modulations can be considered as one of the probable explanations of this observation. The idea of the long mode modulation comes from the dipole observed in CMB temperature as Gordon (2007) Abolhasani et al. (2014) the effect of long mode modulation in late time observations is discussed). In this respect, a very important observation is the fact that the modulation dies at large moments say ℓ > 65, therefore, it seems reasonable to write the curvature perturbation in large and small scales asR(x) =R lo (x) + R hi (x) ("lo" superscript indicating the low wavenumber (i.e. large scales), and "hi" indicating the high moments (i.e. small scales)). In this picture the large scale curvature in real space is modulated as Zibin and Contreras (2015)
where A R is the amplitude of modulation in curvature perturbations (i.e. A R = A d ) and r LS is the distance to the last scattering surface. Note that "∼" indicates modulated quantities. In this model there is a reasonable assumption that the modulation dies off in low redshift. It is worth to mention that the 21cm power spectrum is a suitable proposal for study because r(z ∼ 10)/r LS ∼ 1/3 and it is much more prominent than the low redshift galaxy distribution. In order to follow this proposal further, we can define the dimensionless power spectrum of low and high moment unmodulated curvature from Fourier modes as
where P lo/hi R (k) is the dimensionless unmodulated curvature power spectrum of low and high moments. As we mentioned earlier, curvature perturbation is divided to two parts to explain the suppression of the long mode in high angular moments; also the total statistically isotropic part
For this reason the unmodulated large scale curvature perturbation could have the dimensionless power spectra as
where k c is the cut-off wavenumber. In order to make a modulation on angular scales larger than l ∼ 65 one should take k c ≃ 5 × 10 −3 M pc −1 and ∆ ln k → 0, 1 as mentioned by Zibin and Contreras (2015) . The Fourier transform of low momentum curvature isR
. Thus the total power to first order of A R can be deduced as
This is essential to relate the 21cm power spectrum to the primordial curvature power, which will be discussed in next sections.
21 cm power spectrum and bias
One of the promising observational tools to trace the distribution of the matter is the map of 21cm brightness temperature. PNG and long mode modulation can affect the distribution of the early star forming regions. Another advantage of 21cm maps is that we can explore the matter distribution in larger scales. Accordingly, in this section we will explore the theoretical background of 21cm statistics. Here we will focus on the study of the brightness maps at EoR where the spin temperature T s is much larger than the CMB temperature (T s ≫ T C M B ). The brightness temperature signal of intergalactic medium (IGM) at redshift z in EoR is Field (1958); Madau et. al (1997) ∆T
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where x HI is neutral fraction of baryons in IGM and δ b is density contrast of baryons at IGM So the 21 cm fluctuations from IGM at line of sight directionn in Fourier space
where δρ HI is neutral Hydrogen density fluctuations, δρ m is total matter density fluctuations and µ k ≡ ì k.n/| ì k | (n line of sight (LOS)). Thex HI is the global neutral fraction andδT b is defined as
where Ω b and Ω m are baryon and total matter density parameters. Eventually, the power spectrum of 21cm brightness can be written as
where P x,y (k, z) is the power spectrum of x and y components (x and y each can be neutral and total Hydrogen). Here we assumed that in large scales and higher redshifts the total Hydrogen density traces the dark matter with a very good 1 In this work we set ∆lnk = 0.1 to proceed in the calculations. This specific choice only affect the smoothing scale of modulated power spectrum.
approximation (δρ H ∼ δρ m ). Now, we define the Lagrangian bias corresponding to neutral Hydrogen, ionized Hydrogen and ionized ratio as b L ρ a = δ ρ a (k)/δ ρ where a = HI, HI I, x H I I and ρ is the total matter density. Therefore, equation (7) and the brightness power spectrum can be written as
and
where
is the Eulerian bias, (superscript E and L indicate the Eulerian/Lagrangian bias) and P mm (k, z) is the matter power spectrum in linear regime. Note that the neutral Hydrogen density bias is related to the ionized density as Mao et al. (2013) 
in whichx H I I is the ionized fraction. Furlanetto et al. (2004) shows that the Excursion Set Model for reionization epoch (ESMR) works for patchy star forming regions, where
Now to find ionized fraction bias we make a basic ansatz that the ionized fraction within spherical volume with radius R 0 is proportional to the number of ionizing photons that produced by sources within that volume, so we simply obtain
where ζ is ionizing efficiency and f coll (M min , r, z, R 0 ) is the collapsed mass fraction of volume R 0 into luminous sources. Here M min is the mass corresponding to a virial temperature of 10 4 K, so if we assume that the efficiency depends only on the redshift and is independent of position, ζ = ζ (z), then the ionized fraction contrast of volume R 0 will be
is the mean collapsed fraction of masses larger than M min at z, which is independent of the smoothing scale R 0 . In the appendix A we will discuss the ionized fraction bias in the context of excursion set theory EST Bond et al. (1990) ; Nikakhtar and Baghram (2017) , where we study the non-Markov effects on the bias parameter Musso et al. (2012) . In the case of scale dependent halo bias in form of equation (A14) and by using equations (12, 13, A15) respectively, one simply finds
where g(k) is a scale dependent function which can be raised from PNG or non-Markov effects. In this work, for matter of simplicity we put scale independent halo bias b L h = 1 and
Note that this simplification does not change the main results and proposal of this work. In the next section we will discuss long mode modulation effect on angular power spectrum.
ANGULAR POWER SPECTRUM OF MODULATED HYDROGEN DISTRIBUTION
In this section we are going to investigate the effect of long mode modulation on the angular power spectrum of matter perturbation. It is known that the Poisson equation in Fourier space relates the matter density to the gravitational potential k 2 Φ(k) = 4πGρδ(k)a 2 , and the potential is related to the curvature perturbation via transfer function T(k) and
, therefore the matter density perturbation is related to the curvature as
Now the real space 21cm brightness temperature fluctuations can be expressed in Fourier space and written in terms of curvature perturbation as
where we omit the k in R(k) for simplicity in notation. Note that here we neglect redshift space distortion effect. Now we can expand the plane wave in terms of spherical Bessel and spherical harmonics, which gives
For notation simplicity we omit the subscript b hereafter. Now expanding the 21cm brightens signal fluctuations in terms of spherical harmonics δ l (n) = lm δ lm Y lm (n), we get
Accordingly the angular power spectrum of 21cm brightness temperature fluctuations becomes
where C TT l is the isotropic part, and the second term in RHS of equation (23) is the correction term introduced by the modulated power spectrum. As Moss et al. (2011) mentioned one can simply set
Zibin and Contreras (2015)
where P R is the dimensionless power spectrum of curvature perturbation.
Here we assume that neutral density bias has no k-
b L x H I I ). As far as the bias parameter is scale independent, the main contribution to the angular power spectrum comes from the matter power spectrum corrections. In Fig.1 we plot the angular power spectrum of 21cm brightness fluctuations versus angular moment l and also we compare the signal with long mode modulation effect (equation (25)) in z = 10. In Fig.2 we compare the fractional difference of angular power spectrum of 21cm temperature and matter halo distribution in different redshifts (for details see caption of the figures and footnote 2 ). As one can see in Figs.1 and 2 , the long mode modulation dies at large moments similar to CMB observations, but as Zibin and Contreras (2015) has made the cut off by a fixed k (k c ) instead of l, this suppression cut off will shift to lower moments by decreasing redshift. In other words, the cosmic variance problem is more dominant in lower redshifts. Furthermore, due to the suppression term r/r LS in equation (2), the effective amplitude of long mode modulation will reduce in lower redshifts. Although the observing of dipole in 21cm temperature brightness map of EoR is more difficult than CMB map but eventually it's more promising and reachable than low redshift galaxy surveys. In the next section we will study the effect of local type primordial non-Gaussianity (PNG) on bias parameter and angular power spectrum.
NON-GAUSSIANITY: THE BIAS AND ANGULAR POWER SPECTRUM
In this section we investigate the effect of power asymmetry in the presence of primordial local non-Gaussianity. As indicated in the introduction the long mode modulation can be companied by local non-Gaussianity which is related to the long to short mode coupling. In this direction we study the local f NL type non-Gaussianity. The primordial Bardeen potential can be expressed in terms of local non-Gaussian corrections as
2 The halo matter distribution angular power spectrum is ob-
and all the corrections due to long mode modulation and nonGaussianity are calculated with this relation respectively as explained in the main text for the statistics of 21cm brightness temperature where the non Gaussian pre-factors f NL is a constant and φ g is a Gaussian field. We assume that φ g = 0. In order to calculate the bias we used the peak-background splitting method Sheth and Tormen (1999) . Accordingly the Bardeen potential can be written in terms of short mode φ s and long mode φ l Gaussian fields (φ g = φ s + φ l ),
Assuming the fact that φ s ≫ φ l , we can reexpress the equation (27) up to the first order of φ l
where X 1 = 1 + 2 f N L φ l and X 2 = f N L . Now we want to find the effect of non-Gaussian terms on halo bias defined b(M, k, z) = δ h (M, k, z)/δ m (z) where δ h is the halo number density contrast and δ m is the linear matter density which is identical to the long mode matter density contrast δ l . We should note that bias in its general form, depends on the mass of dark matter halo, the scale of observation, and redshift. Density contrast in the late time can be related to the φ l in the early universe by Poisson equation δ l = 
It is worth to mention that the bias is a scale dependent quantity due to the non-Gaussian effects, which is discussed in Dalal et al. (2008) . The halo density contrast with PNG corrections is defined as
wheren(M, z) is the number density of structures in a mass range of M and M + dM in redshift z. By Taylor expanding the modified number density per mass n(M, z, X 1 , X 2 ; δ l ) in equation (29) in the presence of long mode δ l and nonGaussian terms, we can find the bias parameter due to the definition of halo bias (see appendix A) as
≡ ∂(lnn)/∂δ l is the Gaussian Lagrangian bias which depends on the universality function. β 2 is defined as derivative of the number density with respect to X 1
and thereforē
where δ c = 1.686 is the critical density. So according to equation (16), we can extend the definition of halo bias to neutral Hydrogen bias. In this case the Eulerian neutral Hydrogen bias b E ρ H I can be expressed as
Now it is straightforward to incorporate the effect of PNG via the bias parameter in the definition of the angular power spectrum of 21cm brightness temperature fluctuations. However we should note that one of the important studies in this framework was done by Slosar et al. (2008) , which investigate the effect of PNG on EoR observations. However in this work we study the angular power spectrum of temperature brightness fluctuations in presence of both PNG and long (38) with respect toC l for 21cm brightness temperature ∆C
and for dark matter halo distribution is plotted versus moment l at different redshifts with f N L = ±10. Long-dashed (green) and dot-dot-dashed (purple) lines are for 21cm brightness temperature with f N L = +10 and f N L = −10 at z = 10, dot-dashed (orange) and dotted (black) lines are for 21cm brightness temperature with f N L = +10 and f N L = −10 at z = 6 and finally short-dashed (red) and solid (blue) lines are for dark matter halo distribution with f N L = +10 at z = 2 and z = 0.5 respectively. mode modulation. In the presence of long mode modulation, the angular power spectrum will be
whereC TT l is the standard angular power spectrum defined is the term which is related to the pure long mode modulation effect defined as
and ∆C TT, NG l is the effect of PNG-scale dependent bias term on standard angular power spectrum defined as
and ∆C
T T, L M−NG l
is the effect of PNG-scale dependent bias on long mode modulated term
In Fig. 3 , the angular power spectrum of 21cm brightness temperature including the non-GaussianityC TT l + ∆C TT, NG l term at z = 10 for f N L = 0, ±10 is plotted. It is interesting to note that due to the term M −1 in equation (37) (which is proportional to k −2 T −1 (k)) non-Gaussianity term will have a very large effect on angular power spectra at low moments (∆C TT, NG l >C TT l at l 50 with f N L = +10). This is very interesting future, for the PNG studies which can be used as probe for their detection in this direction see Lidz et al. (2013) . In Fig. 4 , we plot the ratio of the standard angular power spectrum with PNG correction with respect to the standard angular power spectrum. For redshifts z = 10 and z = 6 we plot the 21cm brightness temperature fluctuations angular power, where for z = 0.5 the angular power spectrum is for dark matter halo distribution. This plot shows how it is promising to use 21cm power spectrum to find out the PNG effects. In Fig. 5 we show the ratio of the PNG-long mode modulated term in angular power spectrum introduced in equation (38) with respect the standard power. This figure shows that PNG-long mode modulated term with respect to the standard power spectrum, also decreases in lower redshifts. In order to emphasis this result in Fig.6 , which is an important plot for our proposal, we show that PNG not only enhance the long mode modulation effect (up to 4 order of magnitude), but also enhance its contribution with respect to main terms in angular power spectrum (up to 2 order of magnitude at z = 10) to an observable signal. In Fig. 7 , we plot the contribution of each term introduced in this section. Summing up the result, we show that if the long mode modulation has a physical origin, it can be enhanced by PNG and observed in future surveys.
CONCLUSIONS AND FUTURE REMARKS
Deviation from the standard picture of inflationary model with nearly Gaussian, nearly scale invariant, isotropic and adiabatic initial conditions can open up a new horizon to the physics of early universe. In this work we study the effect of long mode modulation as a probable explanation for CMB hemispherical asymmetry with local type of non-Gaussianity, on the distribution of neutral Hydrogen in EoR. This work is a continuation of the idea of using late time large scale structure observations as a complementary probe for EU physics (In this direction see Hirata (2009); Baghram et al. (2013) ; Zibin and Moss (2015) ; Hassani et al. (2016) ; Ansari Fard and Baghram (2018) ; Zhai and Blanton (2017) ). We show that a dipole will be introduced due to the long mode modulation. Although the observation of dipole in 21cm temperature brightness map of EoR is more difficult than CMB map, but eventually it's more promising and more reachable than low redshift galaxy surveys. It is shown in Fig. 2 that how two different type of observation predict the large angular scale corrections. In this work, we also study the effect of PNG in the presence of long mode modulation. The local type PNG has a k −2 dependency on wavenumber in the bias parameter, accordingly the PNG in its local type can enhance the long mode modulation effect on angular power spectrum. As it is discussed, the long mode modulations are companied with local type PNG. Therefore, this seems a useful coincidence which can help to detect this effect. For further study, it is necessary to introduce a more sophisticated bias model for neutral Hydrogen by using the simulations to pin down the physics of ionized patches and the efficiency function of ionization. On the other hand, more realistic models of nonMarkov bias terms sets a k-dependency which must be taken into account. This correction may have drastic effects on the angular power spectrum of 21cm. However, summing up this work we should note that the future observations such as square kilometer array observatory with enough large angle coverage are capable to detect the large scale anomalies of initial condition of early universe. similar to the real space bias there is no scale dependency in Fourier space Musso et al. (2012) 
Note that these coefficients are pure numbers, independent of wavenumber k, and by definition, independent of s 0 . The bias parameter introduced above corresponds to uncorrelated steps in EST approach which refers to a kspace sharp smoothing window function for density field. For more realistic physical cases, other window functions such as real space top hat and Gaussian filters are suggested. These filters lead to the correlated steps in EST approach Nikakhtar et al. (2018) . Although there is no analytical exact solution for first up-crossing problem with correlated steps, there are some approximate solutions in this case. Here we find the ionized fraction bias in the context of the correlated steps in EST. Note that in the ionized fraction bias we used F(s(M min ) | s 0 = 0, δ 0 ) from EST which is mass fraction of volume s 0 that collapsed in halos with scales between s 0 and s(M min ). Musso et al. (2012) found approximate solutions for correlated steps of halo bias:
in which f (s | s 0 , δ 0 ) is mass the fraction of volume s 0 that collapsed in halos with scales between s and s + ds. With this definition in mind, we simply have 
Note that we had made no assumption on whether bias parameter has scale dependency or not. By comparing equations (A8) and (A4), one can simply find 
The same relation can be found for Fourier space bias
Now we can use this relations to find ionized fraction bias for top hat and Gaussian filters. As mentioned above, there is no exact solution for these window functions so we use the upcrossing approximation introduced in Musso et al. (2012) .
Here we only discuss scale independent part of bias (b 10 ) as below
where Γ 2 = γ 2 /(1 − γ 2 ) as γ 2 = δδ ′ 2 /( δ 2 δ ′ 2 ) (A prime indicates the derivative with respect to the smoothing scale). Then the bias will be 
In the case of modulated power spectrum, the only change in the bias parameter is introduced via the redefinition of the variance and other moments of power spectrum in terms of mass. Otherwise, the functionality of the bias parameter remains the same. In the case the bias parameter has a kdependence due to non-Gaussianity or non-Markovianity, we express it in the form
whereb L h (k) and b L h are scale dependent and independent halo bias respectively and g(k) is determined by nonGaussianity or non-Markovianity extensions. Now by using equation (A11) we obtain the k-dependent Lagrangian ionized fraction bias parameter
The above equation is used in the main text to find the angular correlation of 21cm brightness temperature in case of a local type non-Gaussianity.
